Antibodies acquired naturally through repeated exposure to Plasmodium falciparum are essential 23 in the control of blood-stage malaria. Antibody-dependent functions may include neutralization of 24 parasite-host interactions, complement activation, and activation of Fc receptor functions. A role 25 of antibody-dependent cellular cytotoxicity (ADCC) by natural killer (NK) cells in protection from 26 malaria has not been established. Here we show that IgG isolated from adults living in a malaria-27 endemic region activated ADCC by primary human NK cells, which lysed infected red blood cells 28 (RBCs) and inhibited parasite growth in an in vitro assay for ADCC-dependent growth inhibition. 29
such as IFN-g and TNF-a. A clear role of NK cells in contributing to protection from malaria, and 58 whether iRBCs could be eliminated through ADCC by NK cells, have not been established (Wolf, 59 Sherratt, & Riley, 2017). Earlier studies have described direct lysis of iRBCs by NK cells in the 60 absence of Abs or Ab-dependent inhibition of P. falciparum growth by NK cells (Mavoungou, 61 Luty, & Kremsner, 2003; Orago & Facer, 1991) . However, other studies have not confirmed such 62 results (Wolf et al., 2017) . Here, we present a detailed study of the activity of primary, 63 unstimulated human NK cells mixed with RBCs, infected or not by P.f., and evaluate the NK cell 64 responses using several different quantitative assays. We found that IgG in plasma from subjects 65 living in a malaria-endemic region in Mali bound to iRBCs and induced their rapid lysis through 66 NK-mediated ADCC. Naturally acquired IgG specific for the major P.f. antigen PfEMP1 was 67 sufficient to promote NK-dependent inhibition of P.f. growth in RBCs. Our results demonstrated 68 that primary human NK cells alone are capable of controlling parasite growth in vitro in response 69
to IgG from subjects exposed to malaria. This may represent an important component of Ab-70 dependent clinical immunity to P.f. blood-stage infection that could be exploited in the 71 development of malaria vaccines. 72
Results 73 74 Primary human NK cells are activated by P.f.-infected RBCs in presence of plasma from 75 malaria-exposed individuals 76
RBCs infected with P.f. strain 3D7 were enriched for the presence of knobs at the RBC surface 77 ( Figure S1A ). Knobs are protrusions at the surface of iRBCs that appear at the trophozoite stage. 78 iRBC cultures were enriched for the trophozoite stage by percoll-sorbitol gradient. Enrichment 79 was confirmed by Giemsa stain ( Figure S1B ). A pool of plasma from malaria-exposed adults living 80 in a high transmission region of Mali (Mali plasma) was tested for the presence of Abs to the 81 surface of P.f. 3D7-iRBCs at the trophozoite stage by flow cytometry. Adults at the Mali study 82 site are considered 'semi-immune' to malaria, as they generally control parasitemia and rarely 83 experience malaria symptoms (Tran et al., 2013) . Abs in Mali plasma stained iRBCs but not 84 uRBCs ( Figure 1A) . In contrast, Abs in a pool of serum from malaria-naïve US adults (US serum) 85 did not bind to iRBCs any more than they did to uRBCs ( Figure 1A ). Binding of Abs in Mali 86 plasma to iRBCs was confirmed by immunofluorescence microscopy ( Figure 1B ). Lower 87 magnification images of mixed uRBCs and iRBCs showed that staining by Mali plasma was 88 selective for iRBCs ( Figure S1C ). 89
We tested the reactivity of primary NK cells, freshly isolated from the blood of healthy malaria-90 naïve US donors, to iRBCs in the absence of Abs. NK cells did not degranulate during co-91 incubation with iRBCs, as monitored by staining with anti-LAMP-1 CD107a Ab ( Figure 1C and 92 1D). As binding of FcgRIIIA to IgG alone is sufficient to induce activation of resting NK cells 93 (Bryceson, March, Barber, Ljunggren, & Long, 2005) , IgG bound to RBCs has the potential to 94 induce NK cell degranulation and cytokine production. We first tested stimulation of NK cells in 6 the presence of a polyclonal serum of rabbits that had been immunized with human RBCs. 96
Degranulation by NK cells occurred during incubation with iRBCs in the presence of rabbit anti-97 RBC Abs ( Figure 1C and 1D). Notably, potent NK cell degranulation occurred with iRBCs in the 98 presence of Mali plasma, whereas US serum induced degranulation in a very small fraction of NK 99 cells ( Figure 1C and 1D ). NK cell expression of intracellular interferon (IFN)-g and tumor necrosis 100 factor (TNF)-a was also stimulated equally well by rabbit anti-RBC serum and Mali plasma, 101
whereas US serum did not induce cytokine production ( Figure 1E , 1F and S1D). These results 102 suggested that Abs from malaria-exposed individuals activate NK cells when bound to iRBCs, 103 which results in NK cell degranulation and production of cytokines. 104
105

Selective lysis of P.f.-infected RBCs by primary NK cells in the presence of plasma 106
from malaria-exposed individuals 107
We next investigated whether NK cells could selectively lyse Ab-coated iRBCs without causing 108 bystander lysis of uRBCs. uRBCs and iRBCs were labeled with either efluor450 or efluor670 dyes, 109 which bind cellular proteins containing primary amines, and NK cells were labeled with the 110 lipophilic dye PKH67. The three cell types were incubated together at equal numbers, and 111 examined by live microscopy. Images were acquired in a temperature-controlled chamber every 112 8 maturation of trophozoites and schizonts into infectious merozoites was inhibited by NK-mediated 142 ADCC toward iRBCs. 143
The standard growth inhibition assay (GIA) (Malkin et al., 2005) was modified in order to 144 remove Abs that inhibit P.f. growth through neutralization of merozoites. NK cells were first co-145 incubated with trophozoite-enriched iRBCs for 6 hours, in the presence or absence of Mali plasma. 146
Cultures were then washed to remove unbound Abs and soluble factors prior to addition of a 100-147 fold excess of fresh uRBCs. Cultures were further incubated for 16 hours to allow for a single 148 round of merozoite release and reinvasion of uRBCs ( Figure S2B ). We refer to this assay for 149 inhibition by NK-mediated ADCC as GIA-ADCC. Parasitemia at the end of the experiment was 150 determined by flow-cytometry ( Figure S2C ). Inhibition of P.f. growth occurred in the presence of 151
Mali plasma but not in the presence of US serum ( Figure 2E ). These results showed that inhibition 152
of P.f. growth was due to Abs bound to iRBCs prior to the release of merozoites and the addition 153 of uRBCs, confirming the role of NK cell-mediated ADCC. 154
As NK cell-mediated ADCC triggered by FcgRIIIa is dependent on binding to IgG, we tested 155 whether IgG in Mali plasma was sufficient to promote NK-dependent inhibition of P.f. growth. 156
IgG purified from US serum did not bind to uRBCs ( Figure S2D ) or to trophozoite-stage iRBCs 157 ( Figure 2F ), whereas IgG purified from Mali plasma bound to iRBCs ( Figure 2F ) but not uRBCs 158 ( Figure S2D ). In the GIA-ADCC, designed to exclude merozoite neutralization as the basis for 159 inhibition, purified IgG from Mali plasma inhibited P.f. growth (37.59%±12.15% inhibition at an 160 IgG concentration of 1.8 mg/ml) ( Figure 2G ). No inhibition was observed with IgG purified from 161 US serum ( Figure 2G ). These results demonstrated that IgG from malaria-exposed individuals 162 promotes inhibition of P.f. growth in RBCs in the presence of NK cells. We wanted to test whether the lack of lysis of P.f. DC-J-iRBCs by NK cells could perhaps be 181 due to an intrinsic resistance of DC-J to NK-mediated lysis. To test it we used the rabbit anti-serum 182 raised against human RBCs, which activated degranulation by NK cells in the presence of 3D7-183 iRBCs ( Figure 1C , 1D). We further developed a quantitative RBC lysis assay based on hemoglobin 184 (Hb) release into the supernatant. Maximum Hb release from RBCs was defined as Hb in detergent 185 lysates of RBCs ( Figure S3A ). This control also served to compensate for the loss of Hb during 10 damage to RBCs, as determined by Hb release, occurred at NK cell to RBC ratios of 3:1 and 10:1, 188 after a 5 h incubation with 3D7-iRBCs in the presence of rabbit anti-RBC Abs ( Figure S3B and 189 S3C). At an NK cell to iRBC ratio of 5:1, 47.16% ± 8.76% of total Hb content was released ( Figure  190 3E). A small amount of Hb was released in the absence of NK cells (1.36% ±0.51%) and in the 191 absence of rabbit anti-RBC Abs (4.38%±1.65%) ( Figure 3E This rabbit IgG stained VAR2CSA-iRBCs, as measured by flow cytometry ( Figure 4C ). The 229 VAR2CSA-specific rabbit IgG, but not control rabbit serum IgG, induced Hb release from 230 VAR2CSA-iRBCs after incubation with NK cells ( Figure 4D ). Uninfected RBCs were not lysed 231 in the presence of VAR2CSA-specific rabbit IgG ( Figure S4A ). These results showed that domain 232
DBL3x was accessible to Abs at the surface of VAR2CSA-iRBCs, and oriented in such a way that 233 bound Abs could engage FcgRIIIA on NK cells. 234
To test the potential of naturally acquired Abs to VAR2CSA PfEMP1 to promote NK-235 dependent inhibition of P.f. growth in RBCs, we used human IgG isolated from pooled plasma of 236 multigravid women, and affinity-purified on DBL domains of VAR2CSA PfEMP1 (Doritchamou 237 et al., 2016) . This natural IgG stained VAR2CSA-iRBCs, as measured by flow cytometry, whereas 238 human IgG Abs against another parasite antigen, AMA1, did not ( Figure 4E The main objective of our study was to test whether NK cells could help control blood-stage 249 malaria by lysing iRBCs through ADCC. Considering the essential role of Abs in conferring 250 clinical immunity to individuals living in areas of high P.f. transmission (Cohen et al., 1961) , and 251 the limited efficacy of malaria vaccines tested so far, any immune effector function that depends 252 on Abs needs to be evaluated. We provide strong evidence of Ab-dependent NK cell cytotoxicity 253
towards P.f.-iRBCs in the presence of Abs from malaria-exposed individuals in Mali. NK cell 254 responses to iRBCs and their effect on P.f. growth in culture were tested using primary, 255 unstimulated human NK cells. Lysis of iRBCs by NK cells, in the presence of Abs to P.f. antigens 256 exposed at the surface of iRBCs, was highly selective, leaving most uRBCs intact. NK cell-257 mediated ADCC inhibited P.f. growth in RBC cultures. Human Abs specific for a single class of 258 P.f. antigens expressed at the surface of RBCs, such as PfEMP1 and RIFIN, were sufficient to 259 induce NK cell cytotoxicity and P.f. growth inhibition. We propose that NK-dependent ADCC 260 may be an effective mechanism to limit parasite growth, as it combines the powerful cytotoxicity 261 of innate NK cells with the specificity of Abs generated by adaptive immunity. 262
The developmental cycle of P.f. in iRBCs provides a window of opportunity for Ab-dependent 263 immune effector responses. Following merozoite invasion of RBCs, P.f. proteins begin to appear 264 at the RBC surface after 16-20 hours and remain exposed until infectious merozoites are released. 265
Once released, merozoites rapidly invade fresh RBCs (Boyle et al., 2010) . Therefore, it is likely 266 that high Ab titers are needed to neutralize merozoites and block entry into RBCs. In contrast, 267
RBCs harboring non-infectious P.f., as it progresses through trophozoite and schizont stages, 268
display P.f. antigens at their surface for more than 24 hours, and ADCC responses activated by 269 FcgRIIIa in primary human NK cells are rapid, strong and independent of coactivation signals 270 (Bryceson et al., 2005) . 271
Evidence of NK cell activation and RBC lysis was obtained with three different assays: 1) NK 272 cell degranulation and cytokine production by flow cytometry, 2) loss of intact P. here is adding a strong effector mechanism to the other mechanisms by which Abs may confer 292 protection against malaria, including neutralizing Abs and Abs that activate the complement 293 pathway (Boyle et al., 2015) . 294
We have shown that NK cell-mediated ADCC inhibits the growth of P.f. in RBC cultures in 295 the presence of Abs to P.f. antigens expressed at the surface of iRBCs in a standard growth 296 inhibition assay (GIA) by co-incubation of iRBCs and NK cells with a large excess of uRBCs. To 297 distinguish inhibition by NK cells from other Ab-dependent functions, such as merozoite 298 neutralization and activation of complement, we developed a two-step GIA to evaluate inhibition 299 that had occurred prior to iRBC rupture and reinvasion of fresh RBCs. As inhibition of P.f. growth 300 occurred in the presence of purified IgG from plasma of malaria-exposed individuals, other serum 301 components were not required for NK-mediated inhibition. The modified GIA for ADCC could 302 help define P.f. antigens that induce Abs of sufficient titer and quality for FcR activation (e.g. IgG 303 isotype, glycosylation). The GIA-ADCC is well-suited to large screens of plasma from subjects in 304 malaria vaccine trials or in studies of naturally acquired immunity to malaria. 305
Previous work has shown that IL-2 produced by T cells following malaria infection or injection 306 of a malaria vaccine activates IFN-g production by NK cells (Wolf et al., 2017) . In addition, P.f. Parasite development was monitored by light microscopy using methanol-fixed, Giemsa-stained 355 thin blood films. Parasites were synchronized using sorbitol (Lambros & Vanderberg, 1979) . Time-lapse imaging: NK cells, uRBCs and iRBCs were washed twice with PBS before labeling 406 with different dyes. iRBCs were stained with cell proliferation dye efluor 670 at 5 µM for 5 407 minutes in PBS at 37°C. Similarly, uRBCs were stained with efluor 450 dye at 2.5 µM 408 concentration for 5 minutes in PBS at 37°C. NK cells were washed, suspended in diluent C and 409 stained with 1 µM PKH67 membrane dye (PKH67 green fluorescent green linker kit, Sigma-410 Aldrich) for 5 minutes at 37°C. Cells were then washed 3 times with media containing serum (e.g., 411
RPMI with 10% FBS). For imaging, cells were resuspended in RPMI 1640 containing 0.5% 412 Albumax-II in the absence of Phenol Red. Cells were added in 8-well Lab-Tek I Chambered cover 413 glass (Nunc) and allowed to settle for 15 minutes. Imaging was performed with a Zeiss LSM 780 414 confocal microscope while maintaining incubation condition at 37°C, 5% CO2, in a humidified 415 chamber. Images were acquired at 30 seconds interval for 6 hours. Time-lapse image stacks were 416 imported into the Imaris software. A threshold algorithm eliminated background noise from each 417 channel, and a Gaussian filter was applied to smooth the texture, and to easily segment the regions 418 of interest (ROIs). After filtering, a surface channel was created from each color channel for each 419 cell population, with surface threshold based on intensity. The surface generator was set to run a 420 watershed algorithm. The seed-points diameter was set to 4.5 µm for iRBCs and uRBCs, and 421 6.0 µm for NK cells. In order to weed out unwanted particles that passed the intensity threshold, a 422 surface ROI was considered to be one with voxel size greater than 110 voxels. For the tracking 423 algorithm we used autoregressive motion with maximum step distance set to 5 µm and maximum 424 gap size set to 2 frames. 
